Collimation with hollow electron beams is currently one of the most promising concepts for active halo control in the HL-LHC. In order to further increase the diffusion rates for a fast halo removal as e.g. desired before the squeeze, the electron lens (e-lens) can be operated in pulsed mode. In case of profile imperfections in the electron beam the pulsing of the e-lens induces noise on the proton beam which can, depending on the frequency content and strength, lead to emittance growth. In order to study the sensitivity to the pulsing pattern and the amplitude, a beam study (machine development MD) at the LHC has been proposed for August 2016 and we present in this note the preparatory simulations and estimates. *
Tevatron proton-antiproton collider demonstrated a successful halo control with hollow electron beams together with a high reliability of the device itself [1] , and the hollow electron lens (HEL) is currently considered the best suited device for an active halo control [2] .
Based on operational experience and study of failure scenarios for HL-LHC, the main concerns for HL-LHC for which the HEL would represent a mitigation measure are [3] :
• Loss spikes have been observed in 2012 during the squeeze and adjust. Cleaning the tails with a HEL would mitigate these loss spikes and thus improve machine availability.
• The LHC tails are overpopulated compared to a Gaussian beam profile [4] . Scaling to HL-LHC bunch intensities and energy is not obvious. The HEL would offer better control of the energy stored in the tails and thus more operational margin.
• Orbit distortions arising from earthquakes or the Geothermie2020 project, a project to explore geothermal energy in the Geneva region [5] [6] [7] .
• Crab cavity failures induce large orbit distortions and a depletion of the tails with the HEL would thus be necessary for machine protection [8, 9] .
This implies that a fast halo removal after the ramp is needed in order to deplete efficiently the halo at flat-top before the squeeze/adjust, and a continuous halo removal during stable beams in order to control the halo sufficiently and mitigate losses due to e.g. orbit distortions and provide more margin for fast losses from e.g. crab cavity failures.
To estimate the halo removal rates for the different HL-LHC scenarios, first numerical simulations for the nominal LHC [10] [11] [12] and the HL-LHC [13] have been conducted. The simulations for HL-LHC show halo removal rates 1 from 3 %/min to 9 %/min at flat-top and without collisions, and from 12 %/min to 18 %/min during β * -leveling and with collisions. For a continuous halo removal during β * -leveling the halo removal rates are sufficient, while for a fast halo removal at flat-top the removal rates are too small for a fast and efficient removal within 10-20 minutes. The halo removal rates can in general be increased by pulsing the e-lens [12, 14] . Two different pulsing patterns are currently considered:
• random: the electron beam current is modulated randomly,
• resonant: the e-lens is switched on only every nth turn with n = 2, 3, 4, . . .. 1 The halo removal rate is here defined as the relative intensity loss for a uniform transverse distribution between 4 and 6 σ and Gaussian distribution in z,
One of the main reservations about pulsing the e-lens is the possibility of emittance growth due to noise induced on the beam core by the e-lens. In this note we will only consider the contribution from dipole kicks. Higher order kicks are present, but their effect is estimated to be much smaller. For an ideal radially symmetric hollow electron lens with an S-shaped geometry, the beam core would not experience any dipole kick. This is because, the kicks due to the bends from the e-lens compensate each other in case of an Sshaped geometry and for radially symmetric e-lens profiles the field in the center of the hollow e-lens is zero 2 . The amplitude of the dipolar noise is therefore given by the electron beam profile imperfections, for which an estimate is given in Sec. III.
Emittance growth due to noise in general depends on:
• noise amplitude
• noise spectrum
• machine non-linearities and beam configuration (separated/colliding beams)
• transverse feedback system
In case of a random pulsing pattern, the effect can be estimated with the well known theoretical formulas and simulation models for emittance growth due to white noise [15] [16] [17] , which have been compared also to experimental results at the LHC [18] . The simulations and theoretical formulas seem to reproduce the experimental results well within a factor two [18] . The source of the factor two is currently unknown. One possibility could be noise induced by the feedback system itself, which has not been taken into account in the simulations and theoretical estimates.
For the resonant pulsing patterns on the other hand no theoretical estimates exist as the emittance growth is determined by the non-linearities present. Pulsing the e-lens every kth turn and considering only the dipole kick, will drive all harmonics of the kth order resonance. This can be seen by writing down the Fourier series of an excitation every kth turn 3 , where the excitation can be represented by:
and its Fourier series by:
2 Note that for higher orders the kicks are not compensated, also in case of an S-shaped geometry. 3 The Dirac comb is constructed from Dirac delta functions
and its Fourier series is given by:
Using the expression for the Fourier series of a Dirac comb and the relation
the Fourier series for an excitation every kth turn can be derived.
Note that each harmonic has the same amplitude, explicitly 1 kT and that the amplitude for the different pulsing patterns decreases like 1 k . To identify the limits on the noise amplitude and the pulsing pattern specifically for the LHC and HL-LHC a MD was proposed for August 2016. The MD setup is described in detail in Sec. II. In preparation of the MD, the different scenarios have been simulated with the tracking code Lifetrac [19] . The goal of these simulations is to identify pulsing patterns that are most dangerous in terms of emittance growth, and pulsing patterns that are most efficient for halo control. The expected noise amplitudes from the HEL are summarized in Sec. III and the limits on the noise amplitude obtained from simulations are described in Sec. IV. As the emittance growth depends on the machine non-linearities present, the MD represents also a good check of the machine model used for the simulations and the prediction accuracy of this model. For the effects of pulsing on the halo removal rates, see Ref. [13] .
II. OVERVIEW OF THE EXPERIMENTAL PROPOSAL
In order to keep the machine changes minimal and to also be able to quickly refill the machine in case of beam loss, the MD is conducted with 48 single bunches, single beam and at standard injection settings:
• injection energy (450 GeV)
• single bunch intensity: 0.7 × 10 11 , number of bunches: 48
• normalized emittance: 2.5 µm, bunch length (4 σ ): 1.0 ns
• injection optics (β * = 11 m), injection tunes
• chromaticity: Q x/y = +15 (standard 2016 settings)
• Landau damping octupole current of I MO = ±19.6 A, explicitly +19.6 A for MOF circuit and -19.6 A for MOD circuit (standard 2016 settings)
In order to minimize the emittance blow-up due to intra-beam scattering, a smaller bunch intensity of 0.7 × 10 11 is requested for the MD. The lower limit of 0.7 × 10 11 is in this case determined by the orbit correction system, for which the BPMs only deliver a good signal for bunch intensities above 0.5 × 10 11 .
In order to be also more sensitive to the relative emittance growth, the HL-LHC normalized emittance of 2.5 µm is requested which is smaller than the nominal LHC single bunch emittance.
The noise induced by a pulsed e-lens can be to first order approximated by a dipole kick with the corresponding noise pattern/frequency spectrum (see Sec. III). In case of the LHC almost arbitrary noise spectra seen by the whole beam can be generated using the transverse damper (ADT) and the amplitude of the noise seen by individual bunches can be controlled by a windowing function placed on top of the generated excitation. This implies that, for each fill, only one excitation pattern with varying amplitude can be studied. In order to have full flexibility in the control of the amplitude 4 and to avoid multi-bunch instabilities, the MD is conducted with single bunches. Based on these considerations the filling scheme illustrated in Fig. 1 has been chosen for the MD. The filling scheme comprises 2 × 4 witness bunches (4 with and 4 without transverse damper) and 2 × 2 bunches per amplitude (2 with and 2 without damper). As each group of 4 bunches experiences the same or no excitation, the statistical significance of the results can be improved by averaging over each group. In total, three different pulsing patterns are intended to be studied in the MD: the two pulsing patterns exhibiting the largest emittance growth -pulsing every 7th and 10th turn -and one pulsing pattern showing no emittance growth, e.g. pulsing every 8th turn (see Sec. IV).
III. SOURCES OF NOISE AND ESTIMATE OF NOISE AMPLITUDE
If the e-lens is operated in pulsed mode, noise can be induced on the circulating proton beam by uncompensated kicks at small amplitudes. With the current e-lens layout [10] , parasitic kicks on the core can arise due to profile imperfections in the electron beam in the central region (main solenoid) and at the entrance and exit of the e-lens. As derived in detail in Sec. III A and Sec. III B the contribution from the central region is dominating. The total estimated integrated kick on axis (x p = y p = x p = y p = 0) from profile imperfections and the e-lens bends assuming the current e-lens design parameters [10] of B solenoid = 5 T, I e = 5.0 A, E e = 10.0 keV, l e−lens = 3 m and E p = 7.0 TeV is:
where B solenoid is the magnetic field strength of the main solenoid, E e the electron beam energy, E p the proton beam energy and l e−lens the length of the e-lens.
A. Noise due to uncompensated kicks from e-lens bends
The symplectic map for an e-lens bend is derived in Ref. [21] . In this case the e-lens bends are modeled as a cylindrical pipe with a static charge distribution of 1 A, 5 keV electrons. In this model the magnetic field and the compression of the electron beam density by the solenoid field are neglected. Neglecting the electron beam velocity leads to an underestimation of the kick by a factor β e β p = 0.2 for 10 keV electrons 5 , while the missing compression leads to an overestimation of the kick as the increase of the electron beam size towards the start/end of the electron lens is not considered. For an S-shaped e-lens, the transverse dipole kicks at entrance and exit compensate each other to first order. Uncompensated kicks therefore arise due to profile imperfections. As a first estimate, we assume 10% fluctuations between the entrance and exit, which can originate from profile imperfections, current fluctuations etc., and that the kicks from entrance and exit due to this fluctuation add up. Neglecting magnetic effects the kick is given by:
where q, v and (Bρ) p are the charge, velocity and magnetic rigidity of the circulating proton beam and z = v z · t the longitudinal position. For a 1 A, 5 keV electron beam and 7 TeV proton beam, the integrated electric field and kick is given by
This corresponds to 6
for a 5 A, 10 keV electron beam (the e-lens design parameters [10] ). Note that the vertical electric field 5 Note that
The electron beam charge distribution ρ e , line density λ e , current I e and energy E kin,e are related by:
I e = λ e · β e · c and λ e = ρ e · A with β e = 1 − m e c 2 (E kin,e +m e c 2 )
where A is the area of the electron beam (here an annular uniform profile), m e the rest mass of the electron and c the speed of light. Under these assumption the beam charge distribution scales with the energy and beam current as:
ρ e (E kin,e,2 , I e,2 ) = I e,2 β e,1 I e,1 β e,2 ρ e (E kin,e,1 , I 1 ).
As the electron beam distribution is assumed to be static in this model, the electric field is proportional to the charge density and therefore obeys the same scaling rule: E x/y (E kin,e,2 , I e,2 ) = I e,2 β e,1 I e,1 β e,2 E x/y (E kin,e,1 , I 1 ).
vanishes in the ideal case. As the electric field scales linearly with the electron beam current, the uncompensated kick for either entrance or exit in the horizontal and vertical plane assuming 10% fluctuation yields ∆x , ∆y = 0.5 nrad.
B. Central region (main solenoid)
For a perfectly uniform, annular and radially symmetric profile, the field for r < R 1 vanishes, where R 1 is the inner radius of the hollow electron beam and r is the radial amplitude of the proton beam particle. In case of electron beam profile imperfections the radial symmetry is broken, leading to a residual field at the beam core. Fig. 2 shows an example of the electric field calculated from a measured asymmetric profile. A first estimate of the residual kick for the e-lens design parameters with a main solenoid field of B solenoid = 5 T, I e = 5.0 A, E e = 10.0 keV, l e−lens = 3 m and E p = 7.0 TeV [10] can be obtained by scaling the electric field at the center illustrated Fig. 2 . We will first derive the scaling with the solenoid field B solenoid in Sec. III B 1 and then the electron beam current I e and energy E e in Sec. III B 2. Summarizing both scalings, the integrated kick at the center of the proton beam is estimated to be:
∆x , ∆y (10 keV, 5 T, 2.5 A) = 15 nrad (14) 1. Scaling with the main solenoid field
Due to the magnetic compression the density of the electron beam increases and therefore the electric field on axis E center grows linearly with the magnetic field of the main solenoid B solenoid 7 :
This is illustrated in Fig. 3 E center,integrated (9 keV, 5 T, 2.5 A) = 55.5 kV.
(26) 7 We want to estimate how the electric field due to the magnetized electron beam changes in response to a change in the solenoid field. We start by considering two infinitely long axially symmetric systems, one where the solenoid field is B 1,solenoid and the other where it is scaled by a factor k:
Because the electron beams are magnetized, their radii are related by:
We impose scaling of all coordinates, including the longitudinal:
For a fixed number of particles each of a given charge, the potential is:
This leads to the following scaling of the potential:
The whole system is compressed by
, including the coordinates of the charges r i , explicitly r 2,i = 1 √ k r 1,i . The electric field can then be derived from the electric potential Φ(r) by:
yielding:
The electric field seen by the proton beam thus scales as the main solenoid field. This scaling will break down at low magnetic fields because the beam will cease to be fully magnetized. 
Scaling with the electron beam current
For a constant main solenoid field, one can assume that the area A and line density λ e of the electron beam stay constant. Following the same derivation as in Sec. III A, the electric field scales with the electron beam current and energy as (Eqn. 11):
E(E kin,e,2 , I e,2 ) = I e,2 β e,1 I e,1 β e,2 E(E kin,e,1 , I 1 )
leading to E center,integrated (10 keV, 5 T, 5.0 A) = 105 kV (27) and an integrated kick of:
IV. SIMULATION OF EMITTANCE GROWTH AND LOSS RATES
The simulations in preparation of the MD aim at identifying:
• correlation between pulsing pattern and emittance growth and losses
• an estimate on the scaling of the emittance growth and losses with the kick amplitude Based on earlier preliminary estimates, the integrated kick was estimated to be
and the simulations presented in this paper are based on this value, explicitly 12 nrad and 120 nrad have been studied.
For the simulations, the lattice and optics are generated with MAD-X, SixTrack and SixDesk using the standard machinery available. The lattice is then imported into Lifetrac, with which the time evolution of the particle distribution is simulated over 10 6 turns. As particle distribution, a 6D Gaussian distribution with 10 4 macroparticles is used. In Sec. IV A we will first describe the lattice and optics generated with MAD-X and SixTrack and then present the Lifetrac simulation results in Sec. IV B.
A. Lattice and optics preparation with SixTrack
To represent the MD configuration, the 2016 injection optics, injection tunes and the standard chromaticity of Q x/y = 15 and Landau damping octupole current of I MO = +19.6 A are used. The parameters are summarized in Table I . To study the influence of the magnetic errors, two different scenarios are considered:
• scenario 1 -no machine imperfections: no magnetic errors which agrees well with requirement of 1 mm rms orbit and 15% peak β -beat on average.
The resulting tune footprint for the seed used in the Lifetrac simulations (seed 1) is shown in Fig. 4 .
Note that the tune footprint does not change considerably for the different seeds as the spread originates mainly from the Landau damping octupoles and the contribution from errors is small. The rms orbit and and the variation along the machine of the orbit and β -beat for this seed is illustrated in Fig. 5 .
B. Lifetrac simulation results
To study the time evolution of the emittance, a 6D Gaussian distribution with 10 4 macroparticles is This section is divided into two parts. First the simulation results for the optics without any machine imperfections is presented (Sec. IV B 1), then the ones including the standard magnetic errors and 15%
average peak β -beat and 1 mm average rms orbit (Sec. IV B 2) in order to study the influence of the magnetic errors. Fig. 10 ). For pulsing every 7th turn, the 7Q x = 2 resonance is driven leading to a blow-up in the horizontal plane. As (y, p y ) (center) and (z, p z ) (right) for pulsing every 7th (top) and 10th turn (bottom) with an amplitude of 120 nrad.
The change in distribution is too small to be directly detected in the histograms.
Scenario 2:
Including standard magnetic errors, 15% average peak β -beat and 1 mm average rms orbit
To study the impact of machine imperfections, Scenario 2 is a copy of Scenario 1 including realistic machine imperfections, explicitly the standard magnetic errors for a i , b i , i ≥ 2 and 30% of the standard errors for a 1 and b 1 in order to obtain around 15% average peak β -beat and 1 rms average orbit (Sec. IV, Scenario 2). The transverse emittance, bunch length and normalized beam intensity for an excitation amplitude of 120 nrad and different pulsing patterns are shown in Fig. 9 . In comparison to Scenario 1 without errors, the following observations can be made:
• Losses occur now also for pulsing patterns other than pulsing every 7th and 10th turn due to the mag-netic errors containing up to 14th order in a 1 and b 1 . However, the strongest losses are still observed for pulsing every 7th and 10th turn indicating that the resonances are generated and driven by an interplay of sextupoles and octupoles as already present in the case without magnetic imperfections (Scenario 1)
• Considerable changes in emittance are only observed for pulsing every 3rd, 7th and 10th turn, where the emittance growth for pulsing every 3rd turn is comparatively small.
• The decrease in emittance for pulsing every 7th and 10th turn indicates that the losses are not only longitudinal as in the case without errors, but also transverse.
The results of the FMA analysis for the different pulsing patterns are shown in Appendix B.
In preparation of the beam studies, it is furthermore important to know the dependence of the time evolution of the emittance, bunch length and beam losses on the excitation amplitude. A decrease of the excitation amplitude by a factor 10, namely an excitation amplitude of 12 nrad, leads to stable beams over Without errors, an effect of the pulsing is only observed for pulsing every 7th and 10th turn in terms of:
• longitudinal losses
• an adjustment of the beam distribution over 10 4 turns to a steady distribution with increased emittance
That an effect is only present for pulsing every 7th and 10th turn can be explained by an excitation of the 7th and 10th order resonances driven by the strong sextupoles. The (mainly longitudinal) losses are due to the high chromaticity, as the synchrotron motion and the chromatic detuning lead to a repeated crossing of the off-momentum particles over the resonances.
With machine imperfections, the strongest effect is observed for pulsing every 7th and 10th turn indicating that the main effect originates from the strong sextupoles and octupoles and high chromaticity. The losses are now not only longitudinal, but also transverse observable as a decrease in transverse emittance and bunch length. In addition, also other excitation patterns -mainly every 3rd turn-show losses due to the magnetic errors present in simulations up to 14th order.
Most of the calculations were done with an excitation amplitude of 120 nrad. A reduction of the amplitude by a factor 10, i.e. 12 nrad, shows no observable effects on the beam core, even with machine imperfections. 
